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Abstract 
ZrMnP and HfMnP single crystals are grown by a self-flux growth technique, and structural as well as 
temperature dependent magnetic and transport properties are studied. Both compounds have an 
orthorhombic crystal structure. ZrMnP and HfMnP are ferromagnetic with Curie temperatures around 370 
K and 320 K, respectively. The spontaneous magnetizations of ZrMnP and HfMnP are determined to be 
1.9 μB/f.u. and 2.1 μB/f.u., respectively, at 50 K. The magnetocaloric effect of ZrMnP in terms of entropy 
change (ΔS) is estimated to be −6.7 kJ m−3 K−1 around 369 K. The easy axis of magnetization is [100] 
for both compounds, with a small anisotropy relative to the [010] axis. At 50 K, the anisotropy field along 
the [001] axis is ∼4.6 T for ZrMnP and ∼10 T for HfMnP. Such large magnetic anisotropy is remarkable 
considering the absence of rare-earth elements in these compounds. The first principle calculation 
correctly predicts the magnetization and hard axis orientation for both compounds, and predicts the 
experimental HfMnP anisotropy field within 25%. More importantly, our calculations suggest that the large 
magnetic anisotropy comes primarily from the Mn atoms, suggesting that similarly large anisotropies 
may be found in other 3d transition metal compounds. 
Disciplines 
Materials Science and Engineering | Physics 
Comments 
This article may be downloaded for personal use only. Any other use requires prior permission of the 
author and AIP Publishing. This article appeared in: Lamichhane, Tej N., Valentin Taufour, Morgan W. 
Masters, David S. Parker, Udhara S. Kaluarachchi, Srinivasa Thimmaiah, Sergey L. Bud'ko, and Paul C. 
Canfield. "Discovery of ferromagnetism with large magnetic anisotropy in ZrMnP and HfMnP." Applied 
Physics Letters 109, no. 9 (2016): 092402, and may be found at DOI: 10.1063/1.4961933. Posted with 
permission. 
Authors 
Tej N. Lamichhane, Valentin Taufour, Morgan W. Masters, David S. Parker, Udhara S. Kaluarachchi, 
Srinivasa Thimmai, Sergey L. Bud’ko, and Paul C. Canfield 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/physastro_pubs/547 
Appl. Phys. Lett. 109, 092402 (2016); https://doi.org/10.1063/1.4961933 109, 092402
© 2016 Author(s).
Discovery of ferromagnetism with large
magnetic anisotropy in ZrMnP and HfMnP
Cite as: Appl. Phys. Lett. 109, 092402 (2016); https://doi.org/10.1063/1.4961933
Submitted: 28 July 2016 . Accepted: 11 August 2016 . Published Online: 29 August 2016
Tej N. Lamichhane , Valentin Taufour, Morgan W. Masters, David S. Parker, Udhara S. Kaluarachchi,
Srinivasa Thimmaiah, Sergey L. Bud'ko, and Paul C. Canfield
ARTICLES YOU MAY BE INTERESTED IN
Magnetic and structural properties of ferromagnetic Fe5PB2 and Fe5SiB2 and effects of Co
and Mn substitutions
Journal of Applied Physics 118, 163903 (2015); https://doi.org/10.1063/1.4934496
Origin of the spin reorientation transitions in (Fe1–xCox)2B alloys
Applied Physics Letters 106, 062408 (2015); https://doi.org/10.1063/1.4908056
 The influence of magnetocrystalline anisotropy on the magnetocaloric effect: A case study on
B
Applied Physics Letters 109, 232406 (2016); https://doi.org/10.1063/1.4971839
Discovery of ferromagnetism with large magnetic anisotropy in ZrMnP
and HfMnP
Tej N. Lamichhane,1,2 Valentin Taufour,1,2 Morgan W. Masters,1 David S. Parker,3
Udhara S. Kaluarachchi,1,2 Srinivasa Thimmaiah,2 Sergey L. Bud’ko,1,2
and Paul C. Canfield1,2
1Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA
2The Ames Laboratory, US Department of Energy, Iowa State University, Ames, Iowa 50011, USA
3Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831, USA
(Received 28 July 2016; accepted 11 August 2016; published online 29 August 2016)
ZrMnP and HfMnP single crystals are grown by a self-flux growth technique, and structural as well
as temperature dependent magnetic and transport properties are studied. Both compounds have an
orthorhombic crystal structure. ZrMnP and HfMnP are ferromagnetic with Curie temperatures around
370K and 320K, respectively. The spontaneous magnetizations of ZrMnP and HfMnP are deter-
mined to be 1.9lB/f.u. and 2.1lB/f.u., respectively, at 50K. The magnetocaloric effect of ZrMnP in
terms of entropy change (DS) is estimated to be 6.7 kJm3K1 around 369K. The easy axis of
magnetization is [100] for both compounds, with a small anisotropy relative to the [010] axis. At
50K, the anisotropy field along the [001] axis is4.6T for ZrMnP and10T for HfMnP. Such large
magnetic anisotropy is remarkable considering the absence of rare-earth elements in these com-
pounds. The first principle calculation correctly predicts the magnetization and hard axis orientation
for both compounds, and predicts the experimental HfMnP anisotropy field within 25%. More impor-
tantly, our calculations suggest that the large magnetic anisotropy comes primarily from the Mn
atoms, suggesting that similarly large anisotropies may be found in other 3d transition metal
compounds. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961933]
In recent years, both the increase in the price of rare-
earths used in magnets and adverse environmental impacts
associated with their mining and purification have made the
search for rare-earth-poor or rare-earth-free permanent mag-
nets crucial. In an attempt to look for the potential rare-
earth-free alternatives, we studied the magnetocrystalline
anisotropy of the Fe-rich compounds (Fe1–xCox)2B
1 and
Fe5B2P.
2 Specifically, (Fe0.7Co0.3)2B has drawn a lot of
attention as a possible permanent magnet because of its axial
magnetocrystalline anisotropy.3–5 Fe5B2P has a comparable
magnetocrystalline anisotropy.2
Mn, like Fe, offers some of the highest ordered moment
values, but finding Mn-based ferromagnets is challenging.
Fortunately, Mn is known to form the ferromagnetic phases
such as MnX, where X is a pnictogen. Recently, MnBi, both
in pure form and in a high temperature phase, stabilized with
Rh,6–9 has been studied as a possible Mn-based ferromagnet
with a moderate magnetic anisotropy.
Given the existence of Mn-X ferromagnetism and our
recent efforts to discover ternary ferromagnets through the
surveys of transition metal-pnictogen and chalcogen ternary
compounds, we used the Mn-rich, Mn-P eutectic as a starting
point for a search for Mn-P-X ternary ferromagnets. During
our survey (X¼B, Al, Si, Ti, Fe, Co, Ni, Ge, Y, Zr, Nb, Rh,
Pd, and Hf), we discovered that ZrMnP and HfMnP are fer-
romagnetic at room temperature. Both ZrMnP and HfMnP
have the orthorhombic crystal structure [space group: Pnma
(62)].10,11 These are bi-transition metal phosphides with the
TiNiSi-type structure which is an anti-PbCl2 type superstruc-
ture.11 In this paper, we report the magnetic properties
(both experimental and first principle calculations) of single
crystalline HfMnP and ZrMnP. We found a large magnetic
anisotropy in particular, for HfMnP.
The ZrMnP and HfMnP single crystals were grown by a
solution growth technique12–14 as described in the supplemen-
tary material. The structural characterization is in agreement
with the previous reports10,11 (see supplementary material).
The refined composition from single crystal X-ray diffraction
of ZrMnP was found to be stoichiometric within two standard
deviations, and HfMnP showed off-stoichiometric composi-
tion, i.e., Hf1.04(1)Mn1.06(1)P0.90(1).
Figure 1 shows the spontaneous magnetization (Ms) and
temperature dependent magnetization of ZrMnP and HfMnP.
Ms was determined by the linear extrapolation from the high-
field region of the easy axis [100] M(H) isotherm to zero field.
The spontaneous magnetization of HfMnP (2.1lB/f.u. at 50K)
is slightly higher than ZrMnP (1.9lB/f.u. at 50K). The tem-
perature dependent magnetization is reported for the [100]
direction in a 1T applied field. Both ZrMnP and HfMnP
undergo a ferromagnetic transition between 300K and 400K.
More precise determinations of the Curie temperatures using
Arrott plots (see supplementary material) or change in the
slope of temperature dependent electrical resistivity (see
supplementary material) give TC around 370K and 320K for
ZrMnP and HfMnP, respectively. The anisotropy field
between [100] and [010] for ZrMnP was determined to be
0.40T at 50K as shown in Fig. 2(a). In HfMnP, the anisotropy
field between [100] and [010] was determined to be 0.66T at
50K as shown in Fig. 2(b). The anisotropy field between the
hardest axis [001] and two almost degenerate axes [100] and
[010] is estimated by extrapolation of tangents from the linear
region of M(H) curves. The anisotropy field for [001] axis for
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ZrMnP was determined to be 4.6T for ZrMnP and 10T for
HfMnP.
Comparisons for the low-temperature anisotropy of HfMnP
are not abundant in the literature. Nd2Fe14B has an anisotropy
field around 8.2T at room temperature.15 Examples of reported
rare-earth free permanent magnets include: MnxGa thin-film
(Ha¼ 15T),16 CoPt (Ha¼ 14T),17 FePt (Ha¼ 10T),18 FePd
(Ha¼ 4T at 4K),19 MnBi (Ha¼ 5T),20 and MnAl (Ha 3T).21
The HfMnP magnetocrystalline anisotropy falls in between
those values. The 10T anisotropy of HfMnP at 50K nearly
equals with the magnetocrystalline anisotropy of Nd2Fe14B at
247K.15
For ZrMnP, we have studied the magnetocaloric effect
from the magnetization isotherms. The results (in terms of
magnetic entropy change (DS)) are shown in Fig. 3. The rele-
vant mathematical calculation is presented in the supplemen-
tary material. The largest effect is observed near 369K with
6.7 kJ m3 K1. For comparison, the value for Gd at 294K
is 22 kJ m3 K1,22,23 and the value of La0.8Na0.2MnO3 at
337K is 10.7 kJm3K1.24 This result indicates that
ZrMnP might be a promising candidate as a magnetic refrig-
erant above room temperature.
To understand the observed magnetic behavior, we have
performed first principles calculations of ZrMnP and HfMnP
using the plane-wave density functional theory code
WIEN2K,25 employing the generalized gradient approxima-
tion of Perdew, Burke, and Ernzerhof.26 Additional details
are given in the supplementary material. For HfMnP, calcu-
lations were run for two scenarios, since the experimental
results find some disorder in the sample. The first run
assumes perfect stoichiometry. For the second run, we have
used the virtual crystal approximation (VCA) as follows. We
assume P and Mn to be trivalent and Hf to be tetravalent, so
that the 10% Mn occupancy of the P site is assumed isoelec-
tronic and the 4% Hf occupancy of the Mn site is modeled
by adding 0.04 electrons per Mn and taking the Mn ion core
to have charge 25.04. Unless mentioned explicitly, the
HfMnP results refer to this VCA result.
We find saturation magnetic moments of 2.02 and
1.99 lB/f.u. for the Zr and Hf compounds, respectively. This
total includes orbital moments for the Zr compound of 0.034
per Mn and 0.008 per Zr, and for HfMnP of 0.060 per Mn
and 0.012 per Hf. These totals are in reasonably good agree-
ment with the experimental values presented previously
(1.9 lB/f.u. for ZrMnP and 2.1 lB/f.u. for HfMnP). We sus-
pect that the slight theoretical understatement for the Hf
compound is related to the non-stoichiometry of the HfMnP
sample. For the Zr compound, we have also estimated the
Curie point by computing the energy difference (relative to
the ground state) of a configuration with nearest neighbor
Mn pairs anti-aligned; one-third of this energy difference is
taken as the Curie point, which we calculate as 654K. This
is significantly above the experimental value of around
370K and suggests, as often occurs, that thermal fluctuations
beyond the mean-field approach are important here.
Magnetic anisotropy for an orthorhombic system is
characterized by total energy calculations for the magnetic
FIG. 1. Temperature dependent (solid lines) and spontaneous magnetization
Ms (corresponding squares) of ZrMnP and HfMnP.
FIG. 2. Anisotropic magnetization of ZrMnP and HfMnP along salient
directions at 50K.
FIG. 3. Magnetic entropy change (DS) of ZrMnP with the field change of
1 T applied along the a axis, determined from magnetization measurements.
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moments along each of the three principal axes.27 To first
order, one can expand this energy as
E ¼ E0 þ Kaak2a þ Kbbk2b þ Kcck2c ; (1)
where kii is the magnetic moment direction cosine along axis
i and Kii is the corresponding anisotropy constant.
For ZrMnP, we find, in good agreement with experi-
ment, the [010] and [100] axes to be the “easy” directions,
separated by just 0.012meV per Mn (in the calculation the
[010] axis is the easy axis). The [001] direction is the “hard”
direction, falling some 0.136meV per Mn above the [010]
axis. On a volumetric basis, this last energy difference is
0.49MJ/m3. The calculated saturation magnetic moment is
0.53 T and yields a calculated anisotropy field of 2.3 T. This
is somewhat less than the 4.6 T anisotropy field observed in
the experiment. One recalls a similar discrepancy in the
MnBi ferromagnet,7,27,28 which has been argued as arising
from correlation or lattice dynamics effects; it is possible
that similar effects are at work here.
For HfMnP (in the VCA calculation) we find, again in
good agreement with experiment, the [010] and [100] axes
as the “easy” directions, separated by 0.041meV/Mn; as
with ZrMnP the [010] axis is calculated to be the easy axis.
The [001] direction lies some 0.47meV per Mn above the
[010] direction. This is a much larger anisotropy than found
in the Zr compound and could suggest the importance of the
Hf atoms in the anisotropy. To check this, we have run a cal-
culation in which the spin-orbit coupling (the source of mag-
netocrystalline anisotropy) is turned off for the Mn atom,
and computed the anisotropy. In fact, we find from this cal-
culation that just 30% of the magnetic anisotropy arises from
the Hf atom—fully 70% arises from the Mn atom. This is a
surprising result given that it is widely assumed the heavy
elements (such as the rare-earth elements) are indispensable
for magnetic anisotropy. Here, it is in fact the 3d element
Mn that generates most of the anisotropy.
On a volumetric basis, the total anisotropy is 1.78MJ/m3,
yielding an anisotropy field of 8.1T which is comparable with
the 10T value from the experiment. The discrepancy could
arise from the effects mentioned for ZrMnP or perhaps from
the disorder in the sample. It is worth noting that our calcula-
tion of disorder-free HfMnP finds a significantly smaller
anisotropy of 1.43MJ/m3. This suggests the importance of
disorder to the anisotropy and surprisingly suggests that the
additional disorder might in fact increase the anisotropy from
the substantial values already found.
It is of interest to understand this large magnetic anisot-
ropy. Fig. 4 shows the calculated VCA bandstructure of
HfMnP in the orthorhombic Brillouin zone in the ferromagnetic
state, with spin-orbit coupling included (this mixes spin-up and
spin-down states so that the bands presented contain both char-
acters). Two facts are immediately evident from the plot: first,
there are a large number of Fermi-level crossings, despite the
general transfer of spectral weight away from the Fermi level
associated with the magnetic transition. Second, and more
importantly, there are a number of band crossings (indicated by
the red ovals) that fall virtually at the Fermi level.
Magnetic anisotropy arises from spin-orbit coupling and
involves a sum of matrix elements connecting occupied and
unoccupied states at the same wavevector, divided by the
energy difference of these states (see Ref. 29 for the exact
expression). From this fact, it is clear that the magnetic mate-
rials that have a large amount of band crossings very near EF
will generally have a larger magnetic anisotropy, since this
allows the coupling of occupied and unoccupied states with
the same wavevector and small energy denominator. HfMnP
has several such features and it is most likely that these cause
the large magnetic anisotropy. We also note that the mag-
netic anisotropy effect of these crossings will be sensitive to
their exact position relative to EF and thus it is plausible that
disorder effects on the anisotropy are substantial, as we
observe.
Perhaps, the most important finding from the theoretical
part of the work is the large magnetic anisotropy—0.47meV
per Mn—found for HfMnP. On a per atom basis, this is
nearly eight times the experimental value of 0.06meV per
atom for hcp Cobalt.30 It is probable that this large anisot-
ropy is not specific to Mn, but originates in the unusual elec-
tronic and anisotropic orthorhombic structures. If it were
possible to stabilize a 3d-based ferromagnet with this anisot-
ropy, but a higher proportion of the 3d element, one might
obtain a very useful magnetic material without the need for
expensive rare-earth elements. Since materials with high pro-
portions of Mn tend towards antiferromagnetism, rather than
the desired ferromagnetic alignment, such a magnetic mate-
rial might best be based on Fe, which often aligns ferromag-
netically. One example of such a material is Fe2P, which
shows an MAE of 2.32MJ/m3,29 although this material has a
low Curie temperature.
In summary, HfMnP and ZrMnP single crystals were
grown by a self-flux growth technique and their structural,
transport, and magnetic properties were studied. Both of the
phosphides are ferromagnetic at room temperature. The
Curie temperatures of ZrMnP and HfMnP are around 370K
and 320K, respectively. The easy axis of magnetization is
[100] for both compounds with a small anisotropy field along
[010] axes. The anisotropy field along the [001] axes is found
FIG. 4. The calculated bandstructure of HfMnP; note the multiple band
crossings near EF indicated by red ovals.
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to be 4.5 T and 10 T for ZrMnP and HfMnP, respectively.
The spontaneous magnetizations of ZrMnP and HfMnP at
50K are determined to be 1.9 lB/f.u. and 2.1 lB/f.u., respec-
tively. The magnetic entropy change (DS) of ZrMnP is found
to be 6.7 kJm3 K1 near its Curie temperature. The
observed magnetic properties are well-explained with the
first principle calculation results.
See supplementary material for details about crystal
growth, structural characterization, crystallographic orienta-
tion, resistivity measurements, magnetization measurements,
magneto-caloric analysis, and additional details of first-
principle calculation.
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